Top predators in the marine environment integrate chemical signals acquired from their prey that reflect both the species consumed and the regions from which the prey were taken. These chemical tracers-stable isotope ratios of carbon and nitrogen; persistent organic pollutant (POP) concentrations, patterns and ratios; and fatty acid profiles-were measured in blubber biopsy samples from North Pacific killer whales (Orcinus orca) (n = 84) and were used to provide further insight into their diet, particularly for the offshore group, about which little dietary information is available. The offshore killer whales were shown to consume prey species that were distinctly different from those of sympatric resident and transient killer whales. In addition, it was confirmed that the offshores forage as far south as California. Thus, these results provide evidence that the offshores belong to a third killer whale ecotype. Resident killer whale populations showed a gradient in stable isotope profiles from west (central Aleutians) to east (Gulf of Alaska) that, in part, can be attributed to a shift from off-shelf to continental shelf-based prey. Finally, stable isotope ratio results, supported by field (M.M. Krahn). Marine Environmental Research 63 (2007) 91-114 www.elsevier.com/locate/marenvrev MARINE ENVIRONMENTAL RESEARCH This article is a U.S. government work, and is not subject to copyright in the United States.
Introduction
Assessing the diets and trophic positions of top level marine predators, such as the killer whale (Orcinus orca), is essential in understanding marine food webs. Predation by killer whales has recently been hypothesized to play a role in the population declines of several marine mammal species in Alaskan waters (Estes et al., 1998; National Research Council, 2003; Springer et al., 2003) . In the North Pacific, two distinct types of killer whales have been termed ''residents'' and ''transients'' (Bigg, 1982; Ford et al., 2000) . Whales of these types differ in their genetics (Hoelzel et al., 1998) , acoustics (Barrett-Lennard et al., 1996) , morphology (Ford et al., 2000) and feeding ecology (Ford et al., 1998) . Transients are thought to prey solely on marine mammals and residents are believed to principally consume marine fish, in particular salmon. Thus, transient killer whales are members of a ''mammal-eating'' ecotype, whereas residents belong to a ''fish-eating'' ecotype (Baird and Dill, 1995; Ford et al., 1998; Saulitis et al., 2000) . A third group, the ''offshores,'' has also been proposed (Ford et al., 2000) to describe whales most commonly encountered in outer coastal waters between California and Alaska (Dahlheim, unpublished data; Ellis, 2005; Krahn et al., 2004a) . Offshore killer whales have a different mitochondrial DNA (mtDNA) haplotype from those of resident and transient whales (Barrett-Lennard, 2000; Hoelzel et al., 2002) . Although few feeding observations have been reported for the offshores, initial field observations suggest that their diet includes marine fish and perhaps squid (Black, unpublished data; Dahlheim, unpublished data; Ford et al., 2000; Jones, 2006) . In order to evaluate whether any of the killer whale populations have played a role in the marine mammal population declines in Alaska, dietary information for all of the Alaska killer whale groups is needed.
Traditional diet analyses have known biases and limitations when applied to marine predators. For example, in Alaska, the ''field season'' generally extends from late spring to early fall, so information is limited about feeding habits of killer whales at other times of the year. Stomach content analyses provide data only from relatively recent meals and these analyses are typically biased as a result of differential rates of digestion of hard parts (Tollit et al., 1997; Yonezaki et al., 2003) . Finally, stomach contents are available only from a small number of stranded animals and these whales may not reflect the eating habits of healthy whales. Thus, to provide data that may better reflect the long-term diets of killer whales, chemical analyses-using biopsy samples from presumably healthy animals-have been developed to further elucidate the dietary specializations of the three types of killer whales.
Mammalian predators, such as killer whales, integrate chemical tracers acquired from their prey that reflect both the species consumed and the regions from which the prey were taken. For example, two chemical signals-fatty acid signature analysis of blubber (Iverson et al., 2004) and stable isotope enrichments of 13 C and 15 N in the epidermis (Kelly, 2000) have been used to assess the diet and trophic position of marine mammals. In addition, patterns of persistent organic pollutants (POPs) have been shown to differentiate cetacean stocks (Krahn et al., 1999; Muir et al., 1996) , presumably due to differences in POPs in their prey. All three techniques were combined by Herman et al. (2005) to qualitatively examine the dietary specializations of eastern North Pacific killer whale populations.
An additional approach-POP ratios-can be used to assess regional sources of POPs transferred to predators from their prey (Calambokidis and Barlow, 1991; Krahn et al., 1999; Muir et al., 1990) . For example, DDTs were used heavily in California before their ban in the 1970s and California marine waters also received long-term, significant discharges of DDTs from a manufacturing plant (Eganhouse et al., 2000) . As a result, concentrations of P DDTs relative to P PCBs (i.e., P DDTs/ P PCBs ratio) are typically higher in California marine species than in comparable species from other eastern North Pacific locations-providing a ''California signature'' (Brown et al., 1998; Calambokidis and Barlow, 1991; Jarman et al., 1996) . Another characteristic contaminant signaturethe ''Alaska signature''-has resulted from the continued use in Asia of pesticides, such as p,p 0 -DDT and technical hexachlorocyclohexane (HCH), long after their ban in much of the rest of the world (de Wit et al., 2004) . Due to transport of contaminants from Asia eastward via air and ocean currents, as well as the eastward migration of pollutant-containing anadromous fish from Asia to the Aleutian Islands and Bering Sea, pollutants used in Asia are often found in marine biota from Alaska (de Wit et al., 2004) . For example, the ratio of p,p 0 -DDT to P DDTs is comparatively high in Alaskan species (de Wit et al., 2004) , whereas this ratio is lower in California marine biota, indicating an ''old'' metabolized source (Aguilar, 1984) . Finally, the flame-retardant polybrominated diphenyl ethers (PBDEs), found in urban runoff and sewage effluents, have emerged as an important class of toxicants because of their recent exponential increase in the environment (de Wit, 2002) . Thus, investigation of the ratio of P PBDEs relative to P PCBs can identify sources of contamination indicative of an urban environment.
The current study was undertaken to advance the findings of the previous study (Herman et al., 2005) by providing further insight into diet and movements of the North Pacific killer whales from Alaska. Additional biopsy samples (n = 84) were collected from resident, transient and offshore killer whales and were characterized by comparing POP concentrations, patterns and ratios, stable isotope ratios of carbon and nitrogen and fatty acid profiles by killer whale ecotype and region. Interpretation of the results from the additional samples has further demonstrated the differences among the three killer whale groups in feeding habits and movements. For example, the increased sample size for the resident killer whales revealed a gradient in chemical profiles from west (central Aleutians) to east (Gulf of Alaska), consistent with regional differences in their prey. In addition, offshore killer whales were shown to consume a diet that is clearly distinct from those of sympatric residents and transients. Thus, the current study increases the knowledge about the role of killer whales in the marine food web.
Materials and methods

Killer whales sampled
For this study, killer whale biopsy samples (n = 84) were collected in Alaska during the 2003/2004 sampling years. All samples were obtained from live, presumably healthy whales using remote biopsy sampling techniques (Barrett-Lennard, 2000; Hoelzel et al., 1998; Ylitalo et al., 2001) and biopsy tips of various lengths (typically 3.0-3.5 cm). All biopsy samples were stored at À80°C until analyzed. Sample sizes were standardized as reported previously (Herman et al., 2005) . The blubber acquired from these whales was analyzed for fatty acids and POPs and the epidermis, when available, for stable isotope ratios (Table 1) . In several instances, an insufficient quantity of epidermis was available to allow stable isotope analyses to be performed, resulting in data omissions for many samples.
In addition to the samples in Table 1 , biopsy samples were analyzed from eastern Tropical Pacific (ETP) male killer whales from waters to the west of Nicaragua (n = 3; animal IDs: 38168, 38170 and 38175; provided by the Southwest Fisheries Science Center) and from four ''West Coast'' (California) male transients (animal IDs: 6/02/00, CA-11, CA-30 and NB040423-1) provided by the Monterey Bay Cetacean Project. Selected POP results from both the ETP whales and the West Coast transients were used for comparison with those from the Alaskan killer whales.
Killer whale group structure
Each killer whale in this study was provisionally classified as resident, transient or offshore based on field observations and in some cases, on long-term studies of well-known populations. These classifications were corroborated by mtDNA haplotype identity (Barrett-Lennard, 2000) . The resident and transient killer whales from Alaska were grouped by geographical collection region in this study and include the Central Aleutian Islands (CAI), Eastern Aleutian Islands (EAI) and Gulf of Alaska (GOA) ( Table 1 and Fig. 1 ). The offshore killer whales were combined into a single group. Although offshores have been encountered as far south as Los Angeles (Black et al., 1997; Ford et al., 2000) , mostly in the winter months, only recently have photo-identification resightings of offshore individuals been recorded between Alaska, Washington State and California, thus suggesting a single population with the same individuals moving throughout the northeast Pacific (Dahlheim, unpublished data) .
Fatty acid analyses
Fatty acid concentrations in blubber were determined as reported by Krahn et al. (2004b) .
Persistent organic pollutant analyses
Blubber from killer whale biopsies was analyzed for POP concentrations using the procedure of Sloan et al. (2004) . P chlordanes is the sum of oxychlordane, c-chlordane, nona-III-chlordane, a-chlordane, trans-nonachlor, and cis-nonachlor; the P HCHs is the sum of a-, b-, and c-HCH isomers and finally P PBDEs is the sum of congeners 28, 47, 49, 66, 85, 99, 100, 153, 154, 183 . Total lipids in killer whale biopsy samples were measured by a TLC-FID method (Ylitalo et al., 2005c) . All POP concentrations reported in this paper have been lipid-normalized. (Table 3) POP concentrations in selected putative prey species of killer whales were obtained from a number of sources: whole bodies of California Chinook salmon Ylitalo et al., 2005a) ; blubber of gray whales ; blubber of California sea lions (necropsy) (Ylitalo et al., 2005b) ; whole bodies of Cook Inlet Chinook (NMFS, unpublished data); and blubber of Steller sea lion pups (biopsy) from Prince William Sound (NMFS, unpublished data), harbor seals from the Aleutian Islands and near Homer, Alaska (NMFS, unpublished data) and northern fur seals (necropsy) from the Pribilof Islands (NMFS, unpublished data).
Quality assurance (POPs and fatty acids)
As part of a performance-based quality assurance program, quality control samples [i.e., method blank, replicate and standard reference materials (SRMs)] were analyzed with each set of field samples (POP and fatty acid samples). Results obtained were in excellent agreement with certified and reference values published by National Institute of Standards and Technology for each SRM material; other quality control samples met established laboratory criteria.
Analyses for stable isotope ratios of carbon and nitrogen
Stable isotope analyses of epidermis from killer (Alaska), gray (Russia and Alaska) and minke (Aleutian Islands) whales, as well as muscle from northern fur seals (Pribilof Islands) and Steller sea lions (Alaska), were conducted on lipid-extracted tissues as described previously (Herman et al., 2005) . The internal laboratory standards were calibrated relative to the following international standards: USGS-24 graphite, NBS-22 oil, IAEA-CH-6 sucrose, IAEA-N-1 ammonium sulfate and IAEA-N-2 ammonium sulfate. A standard reference material (NIST SRM 1946) was processed with every 20 analyses to monitor analytical accuracy.
Stable isotope ratio modeling
Stable isotope modeling was conducted using equations and methods reported previously (Herman et al., 2005) .
Statistical analyses
All univariate and multivariate analyses were conducted using JMP Statistical Discovery Software (PC profession edition, version 5.01). Prior to all statistical calculations, both untransformed and log-transformed stable isotope and POP concentration data for each regional killer whale group were tested for data normality. The log-transformed data did not lead to a consistent improvement in data normality compared to the untransformed results. Hence, all statistical comparison tests used to evaluate the statistical significance of differences among the various groups were computed from the raw, untransformed data. Unless indicated otherwise, all univariate comparisons between two group means were significance tested (a = 0.05) using a two sample Student's t-test assuming unequal variances. Significant differences among multiple groups having equal variances were evaluated using a Tukey HSD test (a = 0.05).
Results
Killer whale photoidentification
Of the nine offshore killer whales biopsied in Alaska [this study and Herman et al. (2005) ], three have been sighted in California and four others that were sampled in the Aleutian Islands have been sighted in SE Alaska, but have not been seen in California. Only two of the Alaska offshore whales have not been matched to another region.
Stable isotope ratios and modeling
The killer whales in this study with sufficient epidermis for stable isotope analysis are indicated in Table 1 and the results are given in Fig. 2 and Table 2 . In general, the carbon and nitrogen values (Table 2) were not statistically significantly different from those reported previously by Herman et al. (2005) . Among killer whale groups shown in Fig. 2 , the mean d 15 N and d 13 C values for the transients were significantly higher than the means for the residents, whereas the offshores had intermediate values and were not significantly different from the other two groups. For the three regional groups of Alaska residents (Fig. 2) , a significant increase in mean d 13 C values was noted from west to east (CAI/R < EAI/R < GOA/R). The mean d 15 N values for the resident groups showed the same trend, but only CAI/R was statistically different from GOA/R and EAI/R. Calculated stable isotope values for the diet of EAI/T killer whales were estimated using Eqs. 2 and 3 from Herman et al. (2005) and were based on observed predation events and stable isotope values measured for the observed prey species from archived marine mammal prey tissues (epidermis or muscle). EAI/T whales were observed to be preying exclusively on juvenile gray whales in May, but later in the summer their observed diet was estimated to comprise northern fur seals (58%) minke whales (28%) and Steller sea lions (14%) (Matkin and Saulitis, unpublished data) . Using the stable isotope values of these four prey species (Table 2) and assuming equal weights for these two observed seasonal diets, the predicted carbon and nitrogen isotope values (d model-C = À16.6 ± 0.4; d model-N = 18.1 ± 0.4) were similar to those actually measured for EAI/T whales (d 13 C = À 17.2 ± 10, d 15 N = 17.8 ± 0.8).
Fatty acid profiles
For resident, transient and offshore killer whales, the mean summed fatty acid methyl ester weight percent values in each class of blubber fatty acids were similar to those reported previously by Herman et al. (2005) , so fatty acid summary data from these additional 84 killer whale biopsy samples are not reported again here. However, because of the increased statistical certainty obtained as a result of the substantial increase in the number of biopsy samples analyzed in the current study, a longitudinal variation was observed for the first time in the fatty acid results for the three regional Alaska resident groups, in which the proportion of x-3 and polyunsaturated fatty acids was observed to increase (p < 0.05) from west to east (CAI/R < EAI/R < GOA/R). 
POP concentrations
Only adult male killer whales were used to study differences in POP concentrations, because reproductive female killer whales transfer a substantial portion of their contaminant burden to their calves. As a result, POP concentrations in females are generally lower than in males and are dependent of the number of times they have given birth (Borga et al., 2004; Ross et al., 2000; Ylitalo et al., 2001) . Mean concentrations for P PCBs, P DDTs, P chlordanes, P HCHs and P PBDEs measured in the biopsy blubber of adult male offshores from Alaska, transients from the eastern Aleutian Island and residents from three regions (CAI, EAI and GOA) are shown in Table 3 . Two other groups of killer whalesthe West Coast transients from California (Table 3 ) and the ETP whales from waters near Nicaragua (Krahn et al., 2006 )-were used for comparison with the whales from Alaska. Contaminant concentrations in male killer whales generally increase with age (Ross et al., 2000) , so these concentrations typically have large ranges.
For the killer whales in Table 3 , the West Coast (California) transients had significantly higher P PCBs, P DDTs and P PBDEs, whereas the EAI/T whales had significantly higher P HCHs, compared to the other whale groups. Among the Alaska killer whales, P
DDT concentrations in the offshores were two times higher than those of the Alaska transients and 20 times higher than those of the residents (all values significantly different; Table 3 ). Furthermore, P PCB concentrations of offshores were similar to those of the Alaska transients and both were significantly higher than those of the residents. In contrast, P chlordanes and P HCHs were significantly higher in the Alaska transients than in either the offshores or residents. Finally, mean concentrations of P PBDEs (flame retardants) in offshore killer whales were significantly higher than those found for the transients and both were significantly higher than P PBDEs for the residents. Comparing the three regional groups of Alaska resident killer whales, mean concentrations for both P PCBs and P DDTs were about two times higher for the CAI/R and EAI/R whales than for GOA/R residents (Table 3) , but only the differences between the EAI/R and GOA/R groups were statistically significant. Mean concentrations of P chlordanes were significantly higher for the EAI/R than for the GOA/R population, whereas the differences between the EAI/R and CAI/R groups, as well as the GOA/R and CAI/R groups, were not significant. Both the GOA/R and EAI/R whales had higher mean concentrations of P HCHs than were found for CAI/R residents but differences were not significant. Finally, the mean concentration of P PBDEs was significantly higher in the GOA/R whales compared to the other two regional groups.
POP ratios
Only adult male killer whales were used to study differences in POP ratios, because females can transfer individual POPs at differential rates to their offspring (Borga et al., 2004) , resulting in changes in these ratios. In this study, four different contaminant ratios P DDTs/ P PCBs; p,p 0 -DDT/ P DDTs; P chlordanes/ P PCBs; P PBDEs/ P PCBs; Figs. 3-6) were used to evaluate differences among killer whale groups and their prey species and to broadly define regional characteristics of each group. In addition, POP ratio from two other groups of killer whales-the West Coast transients from California and the ETP whales from waters near Nicaragua-were used for comparison with those from the Alaska whales. Ratios for West Coast (California) transients (n = 4) are depicted in Figs. 3-6. In addition ETP killer whales (n = 3) had a mean P DDTs/ P PCBs ratio of 57.8 ± 5.2 and a mean p,p 0 -DDT/ P DDT ratio of 0.061 ± 0.005. When comparing POP ratios for all the killer whale groups depicted in Figs. 3-6, as well as those for ETP whales, the P DDTs/ P PCBs ratio was found to be significantly higher for ETP whales (57.8 ± 5.2) than for West Coast (California) transient whales and both ETP and West Coast transient whales, in turn, had P DDTs/ P PCBs ratios that were significantly higher than all remaining groups (Fig. 3 ). Mean p,p 0 -DDT/ P DDT and P chlordanes/ P PCBs ratios for West Coast transients were significantly lower than those found for other killer whale groups (Figs. 4 and 5) . Finally, West Coast transients had significantly higher P PBDEs/ P PCBs ratios than found for the other whale groups (Fig. 6) . When comparing POP ratios among all the Alaska killer whale groups, P DDTs/ P PCBs and P PBDEs/ P PCBs ratios were significantly higher in the offshores than in the Alaska resident or transient groups. For p,p 0 -DDT/ P DDT, CAI/R had the highest and the offshores had the lowest ratios; both were significantly different from the other Alaska groups, except offshore and EAI/T whales were not different. For P chlordanes/ P PCBs ratios, the EAI/T and GOA/R groups were not significantly different from each other, but both were significantly higher than all other Alaska killer whale groups. When comparing the POP ratios among the three regional groups of Alaska resident killer whales, the P DDTs/ P PCBs ratio was highest in CAI/R and lowest in GOA/R whales, with EAI/R falling in between, although only the ratio for GOA/R was statistically different from those for other two groups of Alaska residents. Similarly, two other POP ratios in the Alaska resident groups showed significant west to east trends-p,p 0 -DDT/ P DDTs decreased from west to east (CAI/R higher than GOA/R), whereas P chlordanes/ P PCBs increased. The GOA/R group had a statistically higher ratio for P PBDEs/ P PCBs than found for the other two resident groups.
Discussion
The previous study (Herman et al., 2005) demonstrated that chemical profiles for resident and transient killer whales supported results from traditional methods of assessing diet (e.g., field observations and stomach content analysis), but the chemical profiles of offshore whales were seemingly contradictory. Specifically, the fatty acid profiles in the blubber of the offshore whales supported a fish diet, but POP concentrations suggested that these whales might be feeding on prey species that were more contaminated than would expected from a diet of Alaskan fish. The current study adds significant additional data from which to help resolve this apparent conflict and finds that the offshore diet is different from that of the fish-eating resident whales, particularly when contaminant ratios are added to the other chemical profiles.
Mean POP concentrations in the resident and transient killer whales (Table 3) were similar to those previously reported by Herman et al. (2005) . Both in this study and the previous one, P chlordanes and P HCHs were significantly higher in the transients than in either the offshores or residents. However, in the previous study, male offshores (n = 2) had P DDT and P PCB levels that were consistently higher than those of the residents and approached, but generally did not exceed, those of the transients (Herman et al., 2005) . In contrast, results for the additional offshore whales (n = 4), presumed to be primarily fish-eaters, had concentrations of P DDTs and P PBDEs that were higher than and P PCBs that were similar to those of the Alaska transients, which, in turn, had concentrations of these contaminants higher than those of the residents (Table 3) . Thus, the offshores are showing a very different pattern of POP contamination than found for resident and transient whales. Consequently, if the offshores consume a fish diet similar to that of the sympatric residents, the POP profile differences between the offshores and the residents are difficult to reconcile. The ratios of certain POPs (e.g., P DDTs/ P PCBs; p,p 0 -DDT/ P DDTs) in marine sediments and biota can be used to document unusual regional patterns of pollutants (Calambokidis and Barlow, 1991; Krahn et al., 1999; Muir et al., 1990) . For example, male ETP killer whales had a mean P DDTs/ P PCBs ratio (57.8 ± 5.2) that was significantly higher than found for the other killer whale groups studied (Fig. 3 ), suggesting recent use of the DDT pesticide in the tropical Pacific that resulted in a high relative proportion of P DDTs in prey consumed by the killer whales. This finding was supported by a relatively high p,p 0 -DDT/ P DDT ratio in ETP whales (0.061 ± 0.005), indicating a recent source of the p,p 0 -DDT from pesticide use. Surprisingly, although the mean concentration of P DDTs in ETP whales (1,200,000 ± 500,000 ng/g lipid) was about three times the mean levels found in the Alaska offshore killer whales (i.e., the group of whales biopsied in Alaska with the highest P DDTs), the mean concentration of P PCBs in ETP whales (20,000 ± 8,300 ng/ g lipid) was only about 20% of that in the offshores. These results are consistent with both the heavy use of DDTs as a pesticide in areas of Central America (de Wit et al., 2004) and the more limited use of PCBs in a region in which industrialization has been relatively recent (de Wit et al., 2004) . The highest absolute concentrations of P DDTs and P PCBs were found in West Coast transients sampled off California (Table 3 ). Both P DDT concentrations (Table 3) and P DDTs/ P PCBs ratios (Fig. 3) for the West Coast transients indicated a ''California signature.'' Furthermore, the low p,p 0 -DDT/ P DDTs ratio in the West Coast transient whales (Fig. 4) was also indicative of foraging in California waters, where the source of DDTs is ''old'', due to the US ban of DDTs in the 1970s.
For Alaska residents and transients, P DDTs/ P PCBs ratios (Fig. 3) were much lower than those of the West Coast transients, as would be expected because environmental availability of P DDTs is lower in Alaska than in California (Brown et al., 1998; Calambokidis and Barlow, 1991; de Wit et al., 2004; Jarman et al., 1996) . Furthermore, the primary indicator of a recent source of DDT pesticide use (i.e., p,p 0 -DDT/ P DDTs) was higher in Alaska residents and transients than in the West Coast transients (Fig. 4) . The input of p,p 0 -DDT (used in Asia until recently) is consistent with the apparent transport of this pesticide to Alaska (the ''Alaska signature'') (AMAP, 1998; de Wit et al., 2004) . The West Coast (California) transients had a significantly higher mean P PBDEs)/ P PCBs ratio than was found for the Alaska residents or transients, consistent with higher input of PBDEs in urban environments (de Wit, 2002) . Furthermore, POP ratios for the offshore killer whales were dissimilar to those of the other Alaska groups and consistently fell between those of the West Coast (California) transients and those of the Alaska residents and transients . In light of these differences between the offshores, residents and transients (i.e., differences in contaminant ratios; absolute P PCB and P DDT concentrations; POP profiles), it is apparent that offshores consume prey species having very different POPs signatures than species consumed by the resident and transient ecotypes.
Among the three regional groups of Alaska resident killer whales, POP ratios demonstrated decreasing west-to-east gradients for mean ratios of both P DDTs/ P PCBs and p,p 0 -DDT/ P DDTs (CAI/R > EAI/R > GOA/R). These results are consistent with the transport of DDT pesticide (particularly unmetabolized p,p 0 -DDT) from Asia, resulting in the whales foraging closest to Asia (CAI/R residents) acquiring the highest values. In contrast, GOA/R whales had the highest mean ratios for P chlordanes/ P PCBs and P PBDEs/ P PCBs, consistent with the use of these chemicals on the mainland of Alaska (de Wit et al., 2004) .
Contaminant ratios in selected representative prey species (Figs. 3-6 ) generally showed the same regional distinctions found for killer whales. For example, P DDTs/ P PCBs ratios (Fig. 3) were highest and p,p 0 -DDT/ P DDTs ratios (Fig. 4) were lowest (indicative of the California signature) in California prey species (Chinook salmon and California sea lions) compared to Alaska prey. In contrast, the P chlordanes/ P PCBs ratios (Fig. 5) were highest in Alaskan prey (particularly, Steller sea lions and northern fur seals), compared to potential prey from California. Because PBDEs are ''emerging'' contaminants that have not been measured until recently by many laboratories, data are only available for a relatively small number of putative killer whale prey species (Fig. 6 ). As would be expected for prey species that feed near large urban areas, both California sea lions and California Chinook had much higher P PBDEs/ P PCBs ratios than found for Steller sea lion pups from Alaska. The P PBDEs/ P PCBs ratio was probably lower for California Chinook salmon than for California sea lions, because the salmon spend much of their life cycle far offshore compared to the sea lions that feed regularly in coastal waters with greater urban influence. In addition, differential biomagnification of P PBDEs and P PCBs by these largely dissimilar taxa could cause the differences in their ratios.
Because each contaminant (or group of summed contaminants) is biomagnified to a different extent, contaminant ratios will also change as contaminants from prey are assimilated by the predator (Fisk et al., 2001; Hoekstra et al., 2003) . However, biomagnification factors (BMFs) appear to be species-specific (Fisk et al., 2001; Hoekstra et al., 2003) and no BMFs have been reported for killer whales. Consequently, POP ratios cannot be directly and quantitatively compared among killer whales and their likely prey until these BMF values are known. In the interim, qualitative comparisons can be made. For example, West Coast (California) transient killer whales and California sea lions [a major transient prey species (Black, unpublished data) ], had qualitatively similar contaminant signatures (specifically, high P DDTs/ P PCBs and P PBDEs/ P PCBs, as well as low p,p 0 -DDT/ P DDTs and P chlordanes/ P PCBs). Similarly, Steller sea lion pups could be a prey source for Alaska transients, because the same signature (low P DDTs/ P PCBs and P PBDEs/ P PCBs, as well as high P chlordanes/ P PCBs) was identified in both the transients and the sea lions. In addition, other marine mammals from the Gulf of Alaska/ Aleutian Islands area had ratios likewise indicative of an Alaska signature (e.g., northern fur seals, harbor seals; Figs. 3-6 ) and thus, these species should also be considered as potential prey. Alternatively, two or more marine mammal prey species may have ''complimentary'' ratios, where a high ratio in one species is balanced by a low ratio in others, allowing the species together to be considered as possible prey as part of a mixed diet. Contaminant ratios are only a single indicator and best used in combination with the other chemical profiles to provide a more comprehensive assessment of the most likely killer whale prey. Currently, additional prey species are being acquired and analyzed for these POPs (as well as for fatty acids and stable isotopes) and the combined results should provide additional data for comparison to the killer whales.
Taking the results from contaminant ratios, as well as the other indicators (stable isotope ratios; chemical contaminant concentrations and patterns) into consideration, insights into the feeding ecology of the Alaska killer whales can be further elucidated. As found in the previous study (Herman et al., 2005) , all data are consistent with resident killer whales in Alaska consuming a fish diet, based on field observations and comparisons of their chemical signatures to those of other known fish-eating populations, e.g., Southern Resident killer whales (Herman et al., 2005; Krahn et al., 2004b) . Interestingly, the regional groups of Alaska residents showed distinct west-to-east differences in carbon and nitrogen isotope ratios (Fig. 2) . The stable isotope results were consistent with CAI/R whales foraging in deeper, more pelagic waters, whereas GOA/R and EAI/R whales forage on prey found in shallower waters on the continental shelf (Fig. 1a ). Lower d 15 N values at the base of the food chain in the Central Aleutian islands (Kline, 1999; Schell et al., 2000) may be a result of these oceanographic changes and thus contribute, in part, to the observed lower values in the CAI/R whales relative to the EAI/R and GOA/R groups. Furthermore, although both the EAI/R and GOA/R whales are likely consuming salmon as a substantial part of their diets (Matkin and Saulitis, unpublished data; Saulitis et al., 2000) , the CAI/R residents may also be consuming locally available prey (e.g., pollock, Pacific cod, Pacific halibut), because salmon may be less available in the Central Aleutians due to lack of anadromous streams and major migratory pathways. Thus, differences in stable isotope values noted among the regional groups of resident killer whales may be significantly influenced by differences in the signatures at the base of the food chain, as well as by differences in prey specialization.
Because predation by transient (mammal-eating) killer whales may be contributing to the population declines of certain Alaskan marine mammal species, specifically Steller sea lions (National Research Council, 2003; Springer et al., 2003) and sea otters (Estes et al., 1998) , there is great interest in learning more about their diet. The EAI/T whales were observed to be preying exclusively on juvenile gray whales as they transited the eastern Aleutian Islands in May, but observations later in the summer consisted of predation on northern fur seals (58%) minke whales (28%) and Steller sea lions (14%) (Matkin and Saulitis, unpublished data) . These observations have been substantiated through stable isotope ratios measured in the EAI/T whales. Specifically, the carbon and nitrogen stable isotope ratios for the diet of EAI/T killer whales calculated using the additive linear model were very similar to those actually measured for EAI/T transients (see Section 3). Because the d 15 N ratio was much higher in Steller sea lion tissues (16.3 ± 1.2) than that predicted for EAI/T prey by the stable isotope dietary model (d model-N = 14.0), sea lions cannot be the exclusive prey of the EAI/T transients. Instead, their diet must be offset by the intake of substantial quantities of alternative prey species with lower d 15 N ratios (e.g., gray whales, Dall's porpoise, humpback whales) to be consistent with the actual d 15 N ratio measured for EAI/T whales. Thus, at least in spring and summer, EAI transient killer whales likely prey on a number of different marine mammal species, based on availability.
The current results for the offshores add to the complexity of determining their prey. Stable isotope ratios of offshores were statistically indistinguishable from those of EAI/ R residents, but were significantly lower than those of the transients (Fig. 2) . Unexpectedly, contaminant ratios for offshores fell between those for the West Coast (California) transients and those for resident and transient whales from Alaska. In addition, mean P PCB concentrations in offshores were similar to and mean P DDT and P PBDE concentrations exceeded those of the Alaska transients, but concentration levels were lower than those found in West Coast (California) transients (Table 3) . These results are a strong indication that offshore killer whales feed during certain periods of the year in areas where available prey species have a ''California signature.'' These chemical signature results were then substantiated by photoidentification, as indicated by successful matches between the 9 offshore killer whales in this study and offshores photographed in other areas. Three of the offshore killer whales biopsied in Alaska had been photographed in California, indicating that the offshores range widely from Alaska to California. Without exposure to the high levels of P DDTs and P PBDEs generally present in prey from the numerous highly urbanized areas along the California coast, the offshores probably could not have acquired POP concentrations and ratios indicative of a ''California'' signature. Furthermore, these results provide evidence that the offshore killer whales belong to a third killer whale ecotype.
The P PCB concentrations found in the male offshores (110,000 ± 22,000 ng/g lipid) were similar to those reported for salmon-eating ''Southern Resident'' male killer whales [146,300 ± 32,700 ng/g lipid from (Ross et al., 2000) ]. Thus, it is conceivable that the offshores attained these high levels of POPs solely by consuming highly contaminated salmonids as a large portion of their diet. Alternatively, the specific preferential prey of offshore whales may be very different from those of residents and may comprise longer-lived marine fish species that bioaccumulate high levels of POPs (e.g., rockfish, shark and tuna). Therefore, rather than eating primarily the salmon species thought to be the traditional prey of their resident killer whale counterparts, offshores may alternatively consume substantial quantities of longer-lived marine fish (Black, unpublished data) . To better define the prey of offshores, samples of other possible prey species (e.g., mako and thresher shark, yellowfin and albacore tuna, rockfish and squid) are currently being collected for analysis.
Conclusions
In conclusion, the chemical profiles presented here have not yet led to a complete description of the feeding ecology of eastern North Pacific killer whales, but the information provided has advanced our knowledge in several important ways. This study has three significant findings: 1. Offshore killer whales consume a diet that is clearly distinct from those of residents and transients. Furthermore, the offshores biopsied in Alaska feed at least part of the year in California, presumably on highly contaminated, long-lived, high trophic level marine fish. Thus, these results, together with those presented by Herman et al. (2005) , provide further evidence that the offshores belong to a third killer whale ecotype. 2. Resident killer whales in Alaska exhibited a gradient in carbon and nitrogen stable isotope ratios, as well as in certain POP ratios, from west (central Aleutians) to east (eastern Aleutians and the Gulf of Alaska) that is likely a result of: (1) the gradient in stable isotopes at the base of the respective food webs across these regions;
(2) a shift from offshelf (CAI) to continental shelf-based (GOA) prey; and (3) inclusion of lower trophic level fish prey in the diet of the CAI/R whales relative to the other two regions. 3. The EAI/T spring/summer diet does not appear to be composed exclusively of Steller sea lions, because stable isotope ratios show that their diet must include lower trophic level species to offset the high tropic level of the sea lions. Furthermore, this conclusion is supported by field observation data indicating that gray whales, minke whales, and Northern fur seals comprise a substantial portion of the EAI/T diet during summer months.
